Abstract: M-shell spectra of W ions have been produced at the Lawrence Livermore National Laboratory EBIT-II electron beam ion trap-II at different energies of the electron beam. A survey has been performed at 2.4, 2.8, and 3.6 keV, and for steps in energy of 100 eV over the 3.9-4.6 keV energy range. The analysis of 11 W spectra has shown the presence of a wide variety of ionization stages from Se-like to Cr-like W; the appearances of these ionization stages correlate well with the energy of their production. The present paper focuses on the identification of 63 experimental features of W ions in a spectral region from 5 to 6 Å (1 Å = 10 −10 m) using calculations with inclusion of all ionization stages matching this spectral region. The majority of lines in all spectra have been identified and assigned to the 4f → 3d and 4d → 3p transitions. This is the first work that lists a comprehensive identification of so many resolved spectral features of X-ray M-shell transitions in W ions recorded in such detail in the laboratory. 
. Experimental M-shell spectra of W ions produced at the energies of the electron beam of 2.4, 2.8, 3.6, and 3.9 keV. Intense spectral features are identified with a certain W ion and a certain group of transitions (see text).
Introduction
Tungsten (W) wire explosions are studied very intensively at Sandia National Laboratories. Results of tungsten wire-array Z-pinch experiments and modeling have been published elsewhere [1, 2] . Highresolution X-ray spectral data have been accumulated in tungsten experiments on Z [3] , which require a development of appropriate theoretical modeling. The study of X-ray M-shell spectra of W ions produced by high-temperature plasmas is a very complicated problem because of the simultaneous contributions from numerous ionization stages. For example, the majority of line emissions in the spectral region from 5 to 6 Å (1 Å = 10 −10 m) are composed of hundreds of 4l → 3l transitions and more than ten ionization stages. Identification of this spectral region is a complex problem even for low-density tokamak plasmas [4] . To the best of our knowledge, the first X-ray M-shell spectra of W were produced by high-density exploded-wire plasmas more than 25 years ago. The precision of the measurement of the transitions energies achieved at the ±10 eV level was sufficient to identify three Ni-like W lines and determine ionization states from Zn-like to Fe-like W, but was not enough for the purely spectroscopic tabulations [5] . The precision of the measurement of the 4l → 3l Ni-like W transitions was substantially improved three years later in the identification of Hf XLV, Ta XLVI, W XLVII, and Re XLVIII ions produced by laser plasmas [6] . The following paper on laser plasma M-shell heavy ions [7] concentrated on 4p → 3d transitions in Co-and Cu-like W and Tm because their separation is greater than for the 4f → 3d spectral lines. The extended analysis of the X-ray spectra of laser-irradiated W included nf → 3d (n = 5 through 9), nd → 3p (n = 4 through 6), and 
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Recently, electron-beam ion-trap EUV spectra of W ions have been studied at the Berlin [9] and Livermore [10] electron-beam ion traps. In electron-beam ion-trap experiments, the complicated Mshell spectrum can be decomposed in various spectra formed by the contribution of only a few ionization stages allowing for the possibility of unravelling the tungsten M-shell emission. These capabilities have been used to identify the complex extreme ultra-violet (EUV) emission [9, 10] and X-ray emission of W in the this paper. Specifically, we present an analysis of 11 X-ray M-shell spectra produced at different energies of the electron beam. These spectra are formed by a wide variety of ionization stages of W ions, from Se-to Cr-like W. The important feature of these spectra is that every spectrum includes prominent lines from only a few ionization stages. The variation in intensities with beam energy allows these lines to be uniquely identified with particular charge states. Some atomic data and spectral intensities for Co-like to Rb-like W ions have been calculated previously for a high-temperature, low-density plasma in a broad spectral range 0 < λ < 20 Å [11] . In the present paper, we focus on the identification of the experimental spectral features of W ions in a spectral range from 5 to 6 Å using the calculations that include all ionization states matching this spectral region.
2. Experimental M-shell spectra in the spectral region from 5 to 6 Å An M-shell survey of W ions was performed at the Lawrence Livermore National Laboratory using the EBIT-II electron-beam ion trap [12] . The trapped W ions reach a charge-state limit when the electron 
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beam energy is below the energy required to produce the next higher charge state. For this survey, steadystate electron beam energies were 2.4, 2.8, 3.6 keV, and in steps of 100 eV over the 3.9-4.6 keV energy range. The 11 experimental spectra, shown in Figs. 1-3, are each dominated by one or a few charge states, and exhibit the shift in charge balance toward higher charge states with increasing beam energy. These spectra were recorded by a wide-band, high-resolution soft X-ray spectrometer [13] with a PET(002) crystal. The resolution was λ/ λ = 2200 and the detected spectral range was from 5 to 5.94 Å .
Two prominent phosphorus lines, Ly α (λ = 5.3814 Å ) and the He-like resonance line w (λ = 5.7600 Å ), were used directly for wavelength calibration of the spectra taken at 2.4 and 3.9 keV. The wavelength scale was determined using a Gaussian profile fitting function followed by a correction to account for the intersection of the dispersion plane with the flat face of the position-sensitive proportional counter. As noted in previous measurements utilizing similar detectors [14] , the line positions at the single-wire proportional counter were observed to shift physically by small amounts from one spectrum to the next. There were two components to these small shifts. The most pronounced was a seemingly random systematic shift of the entire spectrum toward higher or lower detector channels. Smaller random shifts displaced individual lines relative to the others. The systematic shifts may have been caused by mechanical vibration or thermal expansion and contraction of the spectrometer, but these mechanisms fail to explain the random line-to-line shifts within spectra. As there was about 1 mÅ of systematic shift from spectrum to spectrum, we used the prominent Ni-like Ni1 and Ni2 lines as a secondary standard. These Ni-like lines are present in all the spectra except those taken at a beam energy of 2.4 keV, and were used to calibrate the wavelength scale for the 2.8-4.6 keV spectra. The line-to-line random shifts are responsible for a relative wavelength uncertainty of 0.3 mÅ . Atomic data calculated using the Cowan code. a Atomic data calculated using RMBPT code.
The 11 experimental spectra were accumulated for varying periods, so intensity comparisons between spectra are not meaningful. Line intensity as shown in the figures is measured in counts and no intensity correction was made for polarization effects of the crystal or for the response function of the 1 µm Lexan window of the wide-band spectrometer.
All together, we have studied 11 spectra recorded in the spectral region from 5 to 6 Å , which are presented in Figs. 1-3 . The observed transitions are 4l → 3l transitions from Se-like through Cr-like W. For all 11 spectra the brightest lines are lines due to 4f 5/2 → 3d 3/2 transitions (Group 1). The most prominent lines in the majority of spectra are Ni-like ion lines. Group 2 is made up of 4f 7/2 → 3d 5/2 transitions, these are less intense and have longer wavelengths than Group 1. Group 3, formed by 4d → 3p transitions, is characterized by less intense lines with shorter wavelengths than Groups 1 and 2. Ga-like lines from Group 1 (Ga1) dominate the 2.4 keV spectrum, whereas a Ni-like line (Ni1) dominates in the other ten spectra. The most intense of the Cu-like line peaks (Cu1) are observed in all spectra. Zn-like line features are very intense in the 2.4 keV spectra, then decrease in relative intensities through the 4.0 keV spectrum. Co-like lines appear in the 3.9 keV spectrum and are very intense in 4.2-4.6 keV spectra. Mn-like and Fe-like line features became very prominent in 4.5 and 4.6 keV spectra. Atomic data calculated using the Cowan code. a Atomic data calculated using RMBPT code.
Modeling of M-shell W spectra in the spectral region from 5 to 6 Å
To identify the X-ray M-shell spectra of W ions, the necessary atomic data have been calculated and the collisional-radiative atomic kinetic model has been developed. Atomic data of all needed isoelectronic sequences matching this spectrum were calculated using the Multiconfigurational Hartree-Fock (MCHF) code developed by Cowan [15] . Also, wavelengths and transition probabilities for Ni-like W lines were calculated using the fully relativistic many-body code (RMBPT code) [16] . Table 1 presents wavelengths and transition rates for transitions from ten excited J = 1 states to the ground state in Nilike W. Theoretical data obtained by using RMBPT and Cowan codes are compared with experimental spectra of this paper and the previous experimental work published in refs. 6 and 8. The accuracy of the measured wavelengths was 5 mÅ in ref. 6 and 2 mÅ in ref. 8 . The experimental wavelengths of four Ni-like lines (7, 11, 46 , and 61) from this paper are averaged values over all measurements listed in Tables 2-4. The second-order RMBPT calculations implemented here for Ni-like ions start from a 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 Dirac-Fock potential [16] . All possible 3l holes and 4l particles forming 56 A collisional-radiative atomic kinetic model has been developed that includes the ground states of every ionization stage of W from the bare ion with no electrons to neutral W with 74 electrons. Ionization potentials were taken from tables published in refs. 11 and 17. Detailed atomic structure is included for ionization stages from Cr-like to Se-like W. Each fine-structure state is linked to other states within its ionization stage via collisional excitation, collisional de-excitation, and radiative decay. All the states of the ions are linked via collisional ionization, three-body recombination, and radiative recombination. The modified Van Regemorter [18] formula is used to calculate the excitation cross sections of optically allowed transitions. A modified Lotz formula [19] is employed to calculate collisional ionization cross sections. Radiative recombination cross sections are calculated by Kramer's approximation [20] . The electron distribution function had a Gaussian form centered at the energy indicated by an electron beam with a FWHM = 50 eV in agreement with typical distributions measured on EBIT-II [21] .
Synthetic spectra of Se-to Cr-like W ions calculated using the kinetic model with lines broadened with Doppler profiles for each of the 11 ionization stages are shown in Fig. 4 . The spectra of Se-to Gelike W exhibit only Group 1 peaks, whereas the spectrum of Ga-like W ions shows peaks corresponding to Groups 1-3. The spectra of Ni-to Co-like W ions consist of peaks due to Groups 1-3. The spectrum of Fe-like W ions also consists of peaks due to Groups 1-3, whereas the spectra from Mn-and Cr-like W ions include two peaks due to Groups 1 and 2.
To identify experimental line features, the wavelengths and intensities of the most intense peaks within the three groups of transitions for each ionization stage were compared with experimental wavelengths and relative intensities. Tables 2-4 list identification of 63 M-shell line features from 11 spectra of W ions. In general, experimental observations agree well with theoretical predictions from this paper and from ref. 11. Specifically, the spectra produced at 2.4 and 2.8 keV (Fig. 1) are rich with ions of ionization stages lower than Ni-like: from Se-like to Cu-like W. The spectrum produced at 2.4 keV is the only spectrum among the 11 spectra where no Ni-like ion lines are observed. The synthetic spectrum of Ga-like W reproduces the most intense lines for this spectral feature and beam energy well (Fig. 5) . The spectra produced at 3.6 and 3.9 keV (Fig. 1) and at 4.0, 4.1, and 4.2 keV (Fig. 2) are dominated by Ni-like W lines. In the spectrum produced at 3.6 keV, we still observe the lower ionization stages of Cu-and Zn-like W, whereas in the spectra produced at 4.1-4.2 keV the ionization stages higher than Ni-like, specifically, Co-like W, appear. This correlates well with the jump in the ionization potential from 2430 eV (for Cu-like W) to 4065 eV (for Ni-like W) and explains why the spectra produced at 3.6-4.2 keV include the least number of lines from all spectra considered. The spectra produced at 4.3-4.6 keV (Figs. 2-3 ) are rich with higher than Ni-like ionization stages: Co-like, Fe-like, Mn-like, and Cr-like W. The spectrum produced at the highest energy, 4.6 keV, includes the most lines. Also, the maximum number of identified line peaks within a given isoelectronic sequence is 15 for Fe-like W. The synthetic spectrum of Fe-like W reproduces the most relevant spectral features in Fig. 5 well. 
Conclusion
The survey of 11 W spectra has shown the presence of a wide variety of ionization stages from Se-like to Cr-like W: the appearance of these ionization stages correlates well with the energy of their production. The majority of lines in all spectra have been identified and assigned to the 4f → 3d and the 4d → 3p transitions. The Ni-like ions dominate in most spectra. The high resolution of these spectra and the ability to create only a few ionization stages during the spectrum production allows us to perform an excellent analysis of the M-shell spectra that cannot be done with sources other than EBIT. The synthetic spectra calculated using a developed kinetic model reproduce the most intense spectral features in all 11 experimental spectra well.
This work lists for the first time a comprehensive identification of many resolved X-ray spectral features of the M-shell transitions of W recorded in great detail in the laboratory.
This study is very important in the development of M-shell diagnostics of high-density hightemperature Z-pinch plasmas, for example, plasmas of tungsten wire explosions and X-pinches. M-shell spectra of such plasmas include simultaneous contributions from numerous ionization states. Also, if time and spatial integration are employed to collect the spectra, then these, in addition, will complicate the analysis. Nevertheless, the kinetic model used in this paper predicts that the most intense spectral features in z-pinch plasmas are the Ni-, Cu-, and Co-like W features studied in detail in this work.
